T cell antigen receptor (TCR) signaling in CD4 + CD8 + double-positive thymocytes determines cell survival and lineage commitment, but the genetic and molecular basis of this process is poorly defined. To address this issue, we used ethylnitrosourea mutagenesis to identify a previously unknown T lineage-specific gene, Themis, which is critical for the completion of positive selection. Themis contains a tandem repeat of a unique globular domain (called 'CABIT' here) that includes a cysteine motif that defines a family of five uncharacterized vertebrate proteins with orthologs in most animal species. Themis-deficient thymocytes showed no substantial impairment in early TCR signaling but did show altered expression of genes involved in the cell cycle and survival before and during positive selection. Our data suggest a unique function for Themis in sustaining positive selection.
Studies of T cell differentiation and inherited mutations that selectively disrupt this process have provided a rich source of new insights into biochemical pathways that have importance beyond the field of immunology [1] [2] [3] [4] [5] [6] . The stages of T cell differentiation are well defined and serve as a valuable paradigm for understanding the molecular regulation of cell lineages and how individual proteins and biochemical pathways function to coordinate cell growth, survival and differentiation. Immature CD4 -CD8double-negative (DN) T cells that successfully rearrange and express a T cell antigen receptor b-chain (TCRb) proliferate and upregulate the coreceptors CD4 and CD8 to become CD4 + CD8 + double-positive (DP) cells. Positive selection, negative selection and lineage commitment 'decisions' are then based in large part on the duration and strength of TCR signaling 7 , which is heavily influenced by the extracellular milieu and nature of the complexes of peptide and major histocompatibility complex (MHC) presented by thymic stromal cells. Only cells with intermediate activation of TCR signaling pathways are positively selected; cells that are activated with too strong or too weak a signal die by negative selection or neglect, respectively. Lineage commitment to the mature single-positive (SP) stages is also thought to depend on signal strength and duration, as stronger, sustained signaling leads to commitment to the CD4 + SP (CD4SP) lineage, whereas weaker and shorter signals result in the development of CD8 + SP (CD8SP) cells 8,9 . Here we describe the identification of a family of animal proteins containing a previously unknown domain with a conserved cysteine residue (called the 'CABIT' domain here). An ethylnitrosourea (ENU)-induced nonsense mutation in the T cell-specific founding member, Themis, selectively crippled the differentiation of DP T cells into SP cells. Themis was not important in early TCR signaling. Instead, Themis-deficient DP cells failed to maintain normal expression of genes involved in the cell cycle and survival and failed to appropriately regulate metabolic pathways. As a consequence of the deficiency, there was a failure to complete positive selection in these mice.
RESULTS

ENU-induced mutation impairing thymocyte differentiation
By immunological screening of a library of pedigrees segregating thousands of ENU-induced nucleotide substitutions 10 , we identified one, 5AT161, with an abnormal response to immunization, antinuclear autoantibodies, low proliferation induced by antibody to CD3e (anti-CD3e) and anti-CD28 and a lower percentage of naive CD44 lo CD4 + T cells in the blood ( Supplementary Fig. 1a and data not shown). The last two phenotypes proved to be inherited as a fully penetrant, recessive trait that was readily scored and was fixed in subsequent generations. Flow cytometry of cells from blood and © 2009 Nature America, Inc. All rights reserved. lymph nodes of homozygous 5AT161 mutants showed a reversal of the normal ratio of CD4 + cells to CD8 + cells and, in absolute numbers, 12% as many naive CD4 + cells and 30% as many naive CD8 + cells as those of wild-type mice (Fig. 1a) . In contrast, the number of antigenexperienced CD44 hi cells in both subsets was normal ( Fig. 1a) . Peripheral naive CD44 lo cells sorted from 5AT161 mice proliferated and upregulated CD25 equivalently to their control counterparts after stimulation with anti-CD3e and anti-CD28 ( Supplementary Fig. 1b ), which confirmed that the lower proliferation in the original screen was due to lower cellularity. Absolute numbers of other non-T cell hematopoietic lineages (B cells, natural killer cells, dendritic cells and granulocytes) were similar in the central and peripheral lymphoid organs of 5AT161 and control mice ( Supplementary Fig. 2 and data not shown), which indicated a selective defect in T cell development.
Although DN and DP thymocyte numbers, including the positively selected CD69 + population, were normal in the thymus in 5AT161 mice, mature CD4SP and CD8SP populations were significantly smaller ( Fig. 1b) . The cellular loss increased in progressive developmental stages and was most severe in the CD4 lineage. There was little to no decrease in the earliest uncommitted CD4 + subset (TCRb hi CD24 hi and MHC class I low (MHCI lo )), whereas there was a significant loss in the immature CD4 + subset (TCRb hi CD24 hi MH-CI hi ; Fig. 1b ). CD4 + Foxp3 + numbers were decreased to a slightly greater extent than were conventional CD4SP cell numbers, whereas other thymocyte subsets, such as natural killer T cells and gd T cells, were unaffected ( Supplementary Fig. 3 ).
T cell development requires a complex interaction between maturing thymocytes and surrounding epithelial cells through both cell contact and soluble factors. To address the cellular cause of the developmental defect in 5AT161 thymocytes, we generated mixedbone marrow chimeras by injecting a mixture of equal numbers of 5AT161 (CD45.2 + ) and wild-type (CD45.1 + ) bone marrow cells into lethally irradiated wild-type recipients. The final ratio of CD45.2 + cells to CD45.1 + cells in the recipients was approximately 2.5:1 in all non-T cell hematopoietic compartments as well as in DN and DP thymocyte populations (Fig. 1c) . In contrast, poor development of mutant SP thymocytes relative to that of wild-type cells was evident by the reversal of this initial ratio of CD45.2 + cells to CD45.1 + cells in the mature CD4SP and CD8SP populations. The presence of wild-type epithelial cells and neighboring wild-type thymocytes was unable to 'rescue' the defect in 5AT161-derived thymocytes, which indicates that the developmental defect is T cell intrinsic.
Lower survival of 5AT161 thymocytes
To explore positive and negative selection in more detail, we crossed the 5AT161 mutation onto a variety of TCR-transgenic backgrounds. Most recombination-activating gene 2-deficient (Rag2 -/-) 5C.C7 TCR-transgenic thymocytes are directed to the CD4 lineage. We found that 5AT161 Rag2 -/-5C.C7 TCR-transgenic mice on this background had a complete block in CD4SP production, and the minor CD8SP subset was also significantly affected ( Fig. 2a) . In contrast, the DP subpopulation was significantly larger, which suggested that there was a complete developmental block at that stage. We obtained similar results with crosses onto the MHC class II-restricted 3A9 TCR-transgenic and AND TCR-transgenic backgrounds (data not shown).
The H-Y TCR transgene generates both DN and CD8 + TCR hi cells in female Rag2 -/-C57BL/6 (B6) mice. We found that 5AT161 Rag2 -/-H-Y TCR-transgenic mice had considerably fewer CD8SP thymocytes ( Fig. 2a) . Notably, the TCR hi DN subset was present in normal numbers. This is consistent with published studies suggesting that mature DN H-Y T cells are latent TCR gd cells 11 , which are unaffected in 5AT161 mice ( Supplementary Fig. 3 ). Overall, these TCR-transgenic data indicate an important function for the product of the affected gene in 5AT161 mice in the ability of ab T cells to undergo positive selection.
Normal negative selection in 5AT161 mice
The developmental failure of SP thymocytes could have been caused by greater activation of negative selection pathways in cells that would otherwise undergo positive selection 12 . Male H-Y TCR-transgenic mice undergo rapid deletion of developing thymocytes due to expression of a male-specific peptide recognized by the transgenic TCR 13 . Deletion of H-Y TCR-transgenic thymocytes was similar in 5AT161 and wild-type mice ( Supplementary Fig. 4a ). We also examined negative selection in a mouse mammary tumor virus 'superantigen'driven model. Superantigens specific for the V b 5 TCR and the I-E k molecule are produced by an endogenous mouse mammary tumor provirus 14 . Wild-type and 5AT161 mice had a similarly lower abundance of V b 5 + thymocytes and splenocytes in a comparison between © 2009 Nature America, Inc. All rights reserved. the B6 (nondeleting) and B10.BR (deleting) backgrounds in both the CD4 and CD8 lineage ( Fig. 2b) . Finally, proteins important for negative selection, including Bim, Nur77, ERK5 and Ras, were expressed normally after TCR crosslinking of 5AT161 thymocytes ( Supplementary Fig. 4b ,c and data not shown). These data suggest that enhanced negative selection does not cause the lower number of mature T cells found in 5AT161 mice.
CABIT-2 domain of Themis contains a stop codon
To identify the mutation responsible for the T cell defect in 5AT161 mice, we screened F 2 mice from 5AT161 Â 129 intercrosses and 5AT161 Â CBA intercrosses for a peripheral blood CD4 + cell/CD8 + cell ratio of less than 1. As expected for a recessive trait, approximately 25% (34 of 130) of the F 2 mice were affected ( Supplementary Fig. 5 ).
Using strain-specific genetic markers, we mapped the 5AT161 locus to a 2.4-meagabase (Mb) region between 27.5 Mb and 29.9 Mb on chromosome 10, which contains ten genes ( Fig. 3a) . ENU randomly induces a point mutation every 1-2 Mb, which suggests that very few mutations would be expected in an interval of this size 15 . A previously uncharacterized gene in the interval, E430004N04Rik, was a likely candidate on the basis of its T cell-specific expression profile (Symatlas). We identified a T-to-A transversion in affected 5AT161 mice in the predicted open reading frame of E430004N04Rik that was predicted to generate a stop codon in place of the sequence encoding a tyrosine residue at position 489 ( Fig. 3b) . In a consensus reached by the three laboratories reporting in this issue, we have called the newly identified gene Themis (for 'thymus-expressed molecule involved in selection') 16, 17 . The mutant protein encoded by the gene containing the premature stop codon is called Themis(Y489X).
To better understand the function and evolutionary origin of Themis, we analyzed the putative protein sequence encoded by the most commonly identified transcript in expressed sequence tag databases with a program that uses empirically determined entropy thresholds to identify potential globular domains in proteins. The predicted protein, Themis, contained a tandem repeat of two homologous globular domains and a carboxy (C)-terminal nonglobular tail enriched in proline residues ( Fig. 3c and 4) . The Themis(Y489X)) substitution was near the end of the second of these provisional globular domains. Further analysis of a custom database of genome sequences with the search tool PSI-BLAST identified several other metazoan open reading frames that encoded the same globular domain. Because profile comparisons showed no substantial relationship to any previously characterized globular domain, we have called this structure the © 2009 Nature America, Inc. All rights reserved. 'CABIT' domain (for 'cysteine-containing, all-b in Themis'). This newly identified gene family has three mammalian homologs (Themis, Icb1 and 9130404H23Rik) that all encode proteins with two CABIT domain (CABIT-1 and CABIT-2) and a highly conserved proline-rich region ( Fig. 4) . In contrast, Fam59A, Fam59B and related proteins from mammals to cnidarians, including the insect Serrano proteins, have a single copy of the CABIT domain, a proline-rich region and often a C-terminal SAM (sterile a-motif) domain ( Fig. 4) .
Multiple-sequence alignment predicted that the CABIT domain adopts an all-b-strand structure with at least 12 strands (Supplementary Fig. 6 ), which suggests either an extended b-sandwich-like fold or a dyad of six-stranded b-barrel units. Notably, the alignment showed that the CABIT domain contains a nearly absolutely conserved cysteine residue, which is probably exposed, as it is at the end of a predicted b-strand in the middle of the domain (Fig. 3c ). All other conserved residues, including a highly conserved motif surrounding the cysteine residue (FXCX 7-26 FXLPFX 3 GXF, where 'F' is any hydrophobic residue and 'X' is any amino acid), were either hydrophobic residues forming cores of strands or polar residues marking the turns between strands. Local homology in subsets of the Themis family, such as a putative nuclear-localization signal conserved only in the second domain of the three vertebrate Themis proteins, allows potential variability in the function and/or regulation of these pro-teins, yet the conservation of domain architecture and of the cysteine residue suggests a conserved biochemical function for the CABIT domain in metazoans.
Themis interacts with the cytoplasmic adaptor Grb2
To characterize Themis expression, we did RT-PCR analysis of amplified cDNA generated from flow cytometry-sorted lymphocyte populations from B6 mice. Themis expression was barely detectable in uncommitted DN1 thymocytes, but Themis was highly expressed in the succeeding DN2-DN4 populations. Expression peaked in the DP population before decreasing to less than 10% of this amount in CD4SP and CD8SP cells in both the thymus and periphery (Fig. 5a ).
Published microarray studies have shown that Themis expression is downregulated even further in CD4 + regulatory T cells [18] [19] [20] . Immunoblot analysis with Themis-specific rabbit polyclonal antibodies ( Supplementary Fig. 7 ) detected a single protein species near the predicted size of 73 kilodaltons in thymus, lymph node and spleen samples from wild-type mice that was absent from Themis(Y489X) thymocytes and nonlymphoid tissues ( Fig. 5b) . Themis(Y489X) thymocytes had one third the amount of Themis mRNA present in wild-type cells, and there was only a faint band near the position of the predicted truncated protein in lysates of mutant thymocytes (data not shown). Thus, the mutant message and protein seem to be unstable. A fusion protein of Themis and enhanced green fluorescent protein (Themis-eGFP) localized to the cytoplasm when expressed in the HEK293 (human endothelium) and AKR1 (mouse DP thymocyte) cell lines ( Fig. 5c and data not shown). To identify binding partners in an unbiased way, we used a fusion protein of glutathione S-transferase (GST) and Themis to precipitate other proteins from thymus and lymph node lysates and then identified these by mass spectrometry of bands from SDS-PAGE. From this analysis, we identified the cytoplasmic adaptor Grb2 as a Themis binding partner. We then verified their association in coimmunoprecipitation studies with both HEK293 and Jurkat (human T lymphocyte) cell lines overexpressing Themis-eGFP ( Fig. 5d ).
Normal early TCR signaling in Themis(Y489X) thymocytes
Grb2 is a Src homology 3-Src homology 2-Src homology 3 adaptor protein involved in tyrosine kinase signaling cascades 'downstream' of many cell surface receptors, including the TCR [21] [22] [23] . To determine if Themis functions 'downstream' of the TCR, we activated wild-type and mutant thymocytes by crosslinking the TCR with antibodies in the presence or absence of anti-CD4. We found no alteration in early TCR signaling in Themis(Y489X) cells. Total induction of phosphorylated tyrosine, phosphorylation of the kinases Erk1 and Erk2 and calcium flux were all similar in mutant and wild-type thymocytes ( Supplementary Fig. 8a,c) . Degradation of the transcription factor NF-kB inhibitor IkBa was slightly enhanced in Themis(Y489X) thymocytes ( Supplementary Fig. 8b ), but we found no differences © 2009 Nature America, Inc. All rights reserved. in phosphorylation of the IkB kinase IKKa or translocation of the NF-kB subunit RelA into the nucleus (data not shown). Prolonged stimulation of overnight cell cultures also showed similar induction of the expression of the maturation and activation markers CD5 and CD69 on DP thymocytes ( Fig. 6a and data not shown). Positive selection, however, depends on relatively weak interactions between the TCR and the peptide-MHC complex, and even at low concentrations, antibody crosslinking could be too strong a stimulus to demonstrate the consequences of this event in immature thymocytes. To address this issue, we used pigeon cytochrome c (PCC)specific 5C.C7 TCR-transgenic and AND TCR-transgenic cells, which can be stimulated to express CD69 with a range of altered peptide ligands of varying affinities for the TCR 24 . We selected three PCC peptides, wild-type PCC (amino acids 88-104) and its K99P and K99Q variants, for their strong, weak and extremely weak agonistic properties, respectively. Themis(Y489X) thymocytes responded normally to all of these ligands, even the barely stimulatory K99Q peptide (Fig. 6b) . Thus, we conclude that initial TCR signaling in Themis(Y489X) thymocytes is mostly normal.
Altered gene expression in Themis(Y489X) thymocytes
Despite the lack of any substantial TCR-dependent signaling abnormalities and the presence of normal absolute numbers of cells, freshly isolated Themis(Y489X) DP thymocytes had slightly lower expression of the developmental markers CD2, CD27 and CD5 (Fig. 6c) . Given that Themis is first expressed at the DN1 stage of thymocyte development, these observations suggest that the loss of Themis(Y489X) DP thymocytes after positive selection might be due to a functional impairment established at a stage before positive selection. To search for alternative pathways affected by Themis deficiency at all stages of development, we compared the gene-expression profiles of preselection DP cells (CD5 lo CD69 lo ), post-selection DP cells (CD5 hi CD69 + ) and uncommitted CD24 + wild-type thymocytes, separated into five clusters on the basis of differences in expression in mutant versus wild-type cells as well as expression changes between populations in wild-type samples ( Supplementary Table 1 ). Left, heat map of the 'fold change' (log 2 ) between mutant and wild-type expression for each population (n ¼ 8 or 9 mice per genotype). Middle, gene ontology categories enriched in each cluster. Right, average expression of genes in each cluster in mutant and wild-type samples, presented relative to the internal reference sample. *P o 0.001 and **P o 0.00001 (P o 0.01 for all other comparisons; t-test). cytometry. We identified 325 genes that either had differences in expression in at least one of the three populations in mutant versus wild-type mice or had altered expression during the development of these thymocyte populations relative to wild-type expression patterns (false discovery rate of 10%; Supplementary Table 1) . Notably, the transcription pattern did not demonstrate any changes in 'downstream' gene targets of the two principal pathways known to be involved in positive selection: those involving Erk or the transcription factor NFAT 25 (Fig. 7a) . The normal induction of these target genes bolsters the conclusion that initial TCR signaling in DP thymocytes is unaffected by the Themis mutation. We then used k-median clustering to separate the gene list into five clusters on the basis of expression differences between wild-type and mutant samples as well as developmental regulation in wild-type samples (Fig. 7b) . This analysis identified two broad categories of transcriptional differences: genes with differences in expression before and during positive selection (clusters 1, 2 and 4), and those with altered expression specific to the uncommitted CD24 + MHCI lo population (clusters 3 and 5). As cell loss first occurred at the immature SP stage, we reasoned that gene-expression differences in the immediately preceding CD24 + MHCI lo population could provide insight into the cell-death process. In addition to examining clusters 3 and 5, we also identified all genes that were significantly upregulated or downregulated in the CD24 + MHCI lo population independently of their cluster designation (57 or 69 genes, respectively). From this analysis, apoptosis-related genes emerged as the most highly enriched functional category of downregulated genes in this population (P o 0.001), together with genes involved in carbohydrate and vitamin metabolic processes essential for cell survival. Among the affected apoptosis-related genes was the gene encoding B-Raf, an Erk-signaling mediator that is required for development beyond the DP stage 26 . Affected genes involved in differentiation and survival also included those important in glucose uptake (Slc2a3, also known as Glut3), the production of inflammatory cytokines (Litaf) and direct regulators of apoptosis (Zmat3 and Bcl2a1c). Finally, Notch1 expression was lower despite the normal activation of Notch target genes in Themis(Y489X) thymocytes (data not shown). Thus, despite the normal numbers of cells in the CD24 + MHCI lo subset in mutant mice, it seems that these cells are predisposed to cell death and show signs of metabolic stress before completing positive selection.
In addition to the expression changes in the CD24 + MHCI lo population, the most notable 'signature' identified by functional annotation was for genes with lower expression in the stages before and during selection, most notably those in cluster 2. Genes in this cluster, including Ccnb1, Cdc2 and E2f1 as well as many E2F1 target genes, were almost uniformly associated with elements of cell survival and cell cycle progression (P o 10 À20 ). Notably, analysis of the DNA content of these preselection cells did not indicate an accumulation of mutant thymocytes at any particular stage of the cell cycle (Supplementary Fig. 9 ). Therefore, the expression differences seem instead to set the stage for diminished survival in the subsequent developmental populations of the Themis(Y489X) mice. Some of these genes, including Birc5 (which encodes survivin) and Hells (which encodes lymphocyte-specific helicase), are important for the survival of DP thymocytes [27] [28] [29] . Notably, Themis was included in cluster 2, which suggests that it may also have a direct function in cell viability relating to cell cycle progression and/or differentiation.
Mutant thymocytes also showed aberrant expression of genes involved in lipid biosynthesis (cluster 4; P o 0.01) and consistently had lower expression of genes such as those encoding LDLR, StarD4, and Fads1 (cluster 1; P o 0.01), which are involved in sterol transport and are transcriptionally regulated by sterol-response-element transcription factors. The balance of cholesterol transport and cholesterol synthesis pathways by liver X receptor and SREBF pathways has been shown to regulate the proliferation of T cells after stimulation 30 , which suggests that changes in lipid metabolism and cell cycle pathways might serve a coordinated function. Functional relationships between cell cycle and lipid metabolism pathways in our data set of genes with differences in expression showed extensive alterations to these pathways in Themis(Y489X) thymocytes ( Supplementary Fig. 10) . These data suggest that differences in the interpretation of TCR signals in the absence of Themis might not be at the level of conventional TCR-dependent signaling pathways but instead may be a consequence of the combined loss of cell cycle proteins and prosurvival and metabolic factors.
DISCUSSION
By using a systematic screening strategy on ENU-induced mutant pedigrees, we have identified the previously uncharacterized gene Themis and have shown that its product is critical in the positive selection of ab T cells. Themis(Y489X) thymocytes failed to generate normal numbers of mature CD4 + and CD8 + T cells, even though the proximal function and several 'downstream' functions of TCR signaling were not obviously affected in mutant thymocytes. Genome-wide expression analysis showed a pattern of lower expression of genes involved in cell cycle, survival, cholesterol transport and metabolism in Themis(Y489X) thymocytes. By the CD24 + MHCI lo stage, these defects culminated in a proapoptotic environment that led to cell death just before the cells committed to either SP lineage. These findings show that Themis supports normal thymocyte development and is needed to prevent cell death during positive selection. DP thymocytes are 'programmed' to enter a physiological state in which TCR-dependent signals are accurately 'translated' to determine death or survival. For example, calcineurin activity is required for early DP thymocytes to acquire highly sensitive activation of Erk in response to TCR triggering 31 . If calcineurin is blocked by pretreatment with cyclosporine, DP cells arrest with higher expression of many genes involved in cell cycle regulation, such as those encoding cyclin B1 and Cdc2, and show impaired positive selection. In contrast, Themis-mutant thymus had a normal number of these Erk-sensitive cells (data not shown) and had the opposite phenotype; that is, downregulation of genes involved in cell cycle and survival. This is an exaggerated version of the process that normally occurs as thymocytes undergo positive selection 32 . Mixed-bone marrow chimeras showed neither accumulation nor loss of mutant cells at any point before the SP stage, and analysis of DNA content did not indicate accumulation of mutant thymocytes at any particular stage of the cell cycle. Therefore, the enhanced downregulation of cell cyclerelated genes is not due to premature cell cycle arrest or a delay at the DP stage before positive selection. Instead, the altered expression of all these genes influences the outcome of TCR engagement during positive selection and predisposes the selected cells to apoptosis before CD4-versus-CD8 lineage commitment.
During positive selection, TCR activation is able to induce both prosurvival signals such as Bcl-2 and proapoptotic signals such as Bim and Nur77. The extent to which these pathways are activated depends on both the affinity of the TCR for the selecting peptide-MHC ligand and the internal milieu of the cell. In every measure of both positive and negative selection capacity tested, Themis(Y489X) thymocytes responded similarly to wild-type controls, yet mutant thymocytes failed to survive positive selection and showed a more severe defect in the production of CD4SP cells. The strength-of-signal model predicts that commitment to the CD4 lineage requires stronger and more sustained T cell activation relative to the signals that drive CD8 commitment 7 . The greater activation requirement for CD4 development might affect the proapoptotic milieu present in mutant DP thymocytes more strongly, resulting in the enhanced death seen in this lineage. TCR-transgenic strains with the Themis(Y489X) substitution had an earlier and nearly complete block in the development of CD69 + DP thymocytes. DP cell numbers were also slightly higher. These differences could have been due to premature and higher expression of the ab TCR in the transgenic thymocytes, which may lead to enhanced TCR signaling during or even before the normal onset of the milieu required for positive selection. Thus, the timing and strength of TCR signals relative to the expression of cell cycle and survival proteins in DP thymocytes could ultimately determine their developmental fate.
Notably, Ptprk, which encodes the receptor-type tyrosine phosphatase PTPRK and is contiguous to Themis in all vertebrates sequenced, is also required for the survival of SP thymocytes 33 . Ptprk was not mutated and was expressed normally in Themis(Y489X) mice (data not shown); however, a spontaneous deletion in Long Evans Cinnamon (LEC) rats disrupts the expression of both Ptprk and the Themis ortholog, causing a nearly complete blockade of the production of CD4SP cells, a more severely deleterious phenotype than that of Themis(Y489X) mice 34 . Retroviral expression of wild-type Ptprk alone in thymocytes from LEC rats produces partial restoration of CD4SP production, which results in a phenotype very similar to that of Themis(Y489X) mice. This suggests that PTPRK and Themis are both required for thymocyte survival in LEC rats. It is not clear if these two proteins function in a shared pathway, but it is notable that the three Themis-like genes in vertebrate genomes are all closely linked to Ptprk paralogs. PTPRK is a tumor suppressor induced 'downstream' of transforming growth factor-b signaling [35] [36] [37] [38] , and its expression in the thymus peaks in the DN population 33 . Despite the fact that PTPRK probably functions in the proliferation of early thymocytes, cell loss does not occur until the DP-to-SP transition in PTPRK-deficient LEC rats. This pattern of early gene expression associated with a delayed loss of cells at the positive selection step is thus similar to the situation found in Themis-mutant mice.
Themis contains a C-terminal proline-rich region and a tandem repeat of a previously unidentified globular domain, which features a fully conserved cysteine motif (the CABIT domain). The proline-rich region probably interacts with Src homology 3 domain-containing proteins such as Grb2 and could serve to localize Themis to particular intracellular compartments. The CABIT domain defines a protein family with five mammalian members and ancestral orthologs in nearly all animal lineages. Of the mammalian proteins, Icb-1 and 9130404H23Rik have an architecture similar to that of Themis with a tandem repeat of the CABIT domain at the amino (N) terminus. Limited in vitro studies of Icb-1 suggest that it may also be involved in regulating cell cycle progression and survival, as upregulation of Icb-1 is found in several cancer cell lines 39, 40 and its inhibition by RNA interference-mediated knockdown has antiproliferative effects 40 . The more distantly related Fam59 proteins contain only a single CABIT domain, have a less ordered proline-rich region and a SAM domain and are most similar to many of the nonvertebrate ancestral forms. This basic structure is present in all metazoan lineages from cnidarians onward, with the exception of nematodes. Nematodes have lost elements of many ancestral animal-specific signaling pathways, such as NFAT, NF-kB and SHH. Given that gene loss often follows a correlated pattern along functional lines, it is possible that the loss of CABIT domain-containing proteins in nematodes is correlated with the loss of one of these signaling pathways.
Conserved cysteine residues without associated conserved histidine or acidic residues, such as those in the CABIT domains, are found in a relatively small number of catalytic domains: the E2 ubiquitin ligases and sulfur carrier or thiol redox proteins, such as those with OsmC, MOSC, thioredoxin or ERV1 folds. Therefore, it is conceivable that the Themis CABIT domain could serve a similar biochemical function. Conservation of the cysteine residue and of the overall architecture of the domain, but greater variability in other regions of the protein, including loss of the SAM domain and presence of a nuclearlocalization signal in the three vertebrate Themis proteins, suggest that this family of proteins serves a similar biochemical function in alternative pathways or complexes.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
Accession codes. Gene Expression Omnibus: files containing raw array data, GEO15246.
Note: Supplementary information is available on the Nature Immunology website.
ONLINE METHODS
Mice. ENU treatment of C57BL/6 mice has been described 41 44) . Gene mapping involved intercrosses of 5AT161 mice with 129/SvEv or CBA mice. Microsatellite markers and SNPs from both crosses were then used to create a fine map of the locus. Details of Themis(Y489X)-specific primers are available. Mixed-bone marrow chimeras were prepared as described 45 . Experiments were approved by the Australian National University Animal Ethics and Experimentation Committee, the Oxford University Ethical Review Committee, the UK Home Office License, and the NIH office of Animal Care and Use.
Antibodies, cell stimulation and confocal microscopy. Themis-specific polyclonal rabbit antiserum was generated against amino acids 239-546 (Primm Biotech) and was affinity-purified by incubation with the immunogen bound to nitrocellulose membranes. PCC peptide stimulation of AND transgenic thymocytes was done as described 24 . Peripheral blood cells were stimulated for 48 h with soluble purified anti-CD3e (145-2C11; eBiosciences) and anti-CD28 ascites fluid (37.51; made 'in-house') and were labeled with [ 3 H]thymidine. Sorted CD44 lo CD4 + and CD8 + lymphocytes were stimulated with plate-bound anti-CD3e. CD25 staining was examined at 24 h and cytokines were examined at 48 h (enzyme-linked immunosorbent assay kits; R&D Systems). Full-length Themis cDNA (encoding a protein of 636 amino acids) cloned into peGFP-N1 was transfected into HEK293 cells for 24 h, followed by staining with Hoechst 33342 nuclear dye and imaging of live cells (MRC-1024 confocal laser-scanning microscope; Bio-Rad).
Biochemical analysis. Thymocytes were stimulated with 1-10 mg/ml of biotinylated anti-CD3e or anti-TCRb (H57; BD) with biotinylated anti-CD28 (37.51; BD) or biotinylated anti-CD4 (GK1.5; BD). These were prebound for 30 s before crosslinking with streptavidin (5 mg/ml; Southern Biotech). Calciumflux and immunoblot analysis were done as described 46 . Full-length Themis with an N-terminal GST or a GST-only control was transiently expressed overnight in HEK293 cells and then bound to a column containing GST-coated beads. Mixed wild-type B6 thymus and lymph node lysates were passed slowly over the GST-only column for removal of nonspecific interactions and then were passed over the GST-Themis column. After washing, proteins were eluted with free GST and separated by SDS-PAGE, and Coomassie blue-stained Themis-specific bands were analyzed by mass spectrometry 47 .
RNA sample preparation and amplification. For microarrays, Themis (Y489X) and wild-type thymocytes were sorted by flow cytometry into three populations: CD4 + CD8 + CD5 lo CD69 lo , CD4 + CD8 + CD5 hi CD69 hi and CD4 + CD8 lo TCRb hi CD24 + MHCI lo . Three separate thymic samples were collected daily over 3 separate days into ice-cold RNALater (Ambion), which resulted in eight to nine samples per genotype and subpopulation. RNA was isolated with TRIzol reagent (Invitrogen). For RT-PCR, DN thymocyte populations were prepared by depletion of DP and SP populations with rat anti-CD4 and anti-CD8 Dynal beads (Invitrogen) and then by flow cytometry. Anti-CD4 (GK1.5; eBioscience), anti-CD8 (CT-CD8a; Caltag), anti-B220 (RA3-6B2; Caltag), anti-Gr-1 (R36-8C5; BD), anti-NK1.1 (PK136; eBioscience), anti-CD11b (anti-Mac1; MI/70.15; Caltag), anti-CD11c (HL3; BD) and anti-TCRb (H57-597; Caltag) were used to gate out non-DN cells. DN1 cells were gated as CD25 -CD44 hi CD117 + ; DN2 cells were gated as CD25 + CD44 int-hi ; DN3 cells were gated as CD25 + CD44 neg-lo ; and DN4 cells were gated as CD25 -CD44 -CD24 + . Themis primers were exon-3 forward, 5¢-TGAAATCCAAGGTGTGCTGA-3¢, and exon-4 reverse, 5¢-CGTCCGTAGAC AGCAACTGA-3¢. For arrays, 50 ng RNA was amplified with the Ovation Aminoallyl RNA amplification and labeling system (NuGen), and 2 mg amplified cDNA was then labeled with indodicarbocyanine with CyDye Post-Labeling Reactive Dye packs (GE Healthcare). A portion (1-3 mg) of the remaining cDNA from each sample was pooled for the creation of an internal indocarbocyanine-labeled reference for each array. Labeled samples and reference (2 mg each) were mixed and hybridized as described 48 to Mmca arrays manufactured by the National Institute of Allergy and Infectious Diseases Microarray Facility (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? acc¼GPL6806). Images were scanned with a GenePix4000B scannerX (Axon Instruments-Molecular Devices) and were uploaded to the MicroArray Data-Base program of the National Institute of Allergy and Infectious Diseases.
Microarray analysis. For the identification of genes with different expression between groups, a random variance t-test and regression analysis implemented in the BRB ArrayTools package (National Cancer Institute) were used. Genes with different changes in expression in mutant Themis(Y489X) versus wildtype populations were also identified during developmental progression from the DP to the CD24 + MHCI lo stage just before lineage commitment. For all analyses, genes with a false-discovery rate of less than 10% were accepted (Benjamini-Hochberg method). Genes with differences in expression were initially separated on the basis of higher or lower expression in mutant samples relative to their expression in wild-type samples. A k-median clustering algorithm (MultiExperiment Viewer; The Institute for Genomic Research 49 ) was then used to further cluster the genes on the basis of expression differences (higher, lower or mostly steady) between populations of wild-type samples. The figure-of-merit method was used to estimate the number of clusters. Overrepresented Gene Ontologies categories (Biological Process) were identified in each of the five clusters with Explain software (Biobase); those with P values below 0.01, adjusted for multiple comparisons, were accepted. Biochemical and functional networks were assembled with Ingenuity Pathways Analysis and Pathway Studio programs as well as individual literature searches.
Evolutionary analysis. Sequence profile searches were made with the National Center for Biotechnology Information nonredundant protein database (RefSeq; National Institutes of Health), and a locally compiled database of proteins from genomes completely or nearly completely sequenced. Searches with the position-specific iterative basic local alignment search tool (PSI-BLAST; National Center for Biotechnology Information) used an expectation value of 0.01 as the threshold for inclusion in the profile 64; searches were iterated until convergence. Alignment-derived hidden Markov model searches were done with the HMMER implementation of profile HMM software. Multiple alignments were constructed with the Kalign 67 algorithm. Protein secondary structure was predicted with a multiple alignment as the input for the Jpred2 secondary structure predictor, which uses information extracted from the position-specific scoring matrix, hidden Markov model and residue frequencies in alignment columns. The HHpred program for protein sequence searching was used for pairwise comparisons of hidden Markov models, with a single sequence or multiple alignments as the query, to profiles of proteins in the Protein Data Bank. The BLASTCLUST score-based single-linkage clustering program was used for similarity-based clustering with empirically determined length and score threshold parameters. Neighborhood-joining and minimum evolution-based methods were used for phylogenetic analysis with gdistributed rates and a Jones-Taylor-Thornton substitution matrix as implemented in Molecular Evolutionary Genetics Analysis software (MEGA4 program 70). The shape parameter 'a' was estimated empirically by a series of trials. Maximum-likelihood trees were also obtained by generation of the least-squares tree (FITCH program of the phylogeny inference package PHYLIP 71), followed by local rearrangement with the PROTML program for maximum-likelihood inference of protein phylogeny (MOLPHY molecular phylogenetics program, package 72). The TASS software package (L.A., unpublished data) was used for all largescale procedures.
Statistical analysis. GraphPad Prism Version 4.0 was used for statistical analysis (unpaired, two-tailed t-test with a confidence interval of 95%).
